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ABSTRACT 


An investigation into the effect of radiation from a linear ac- 
celerator on two types of integrated circuit operational amplifiers 
was made. Dielectric isolation, thin film resistors and compensa- 
tion diodes were used in one amplifier Cu A744). The other amplifier 
(zu A709) was fabricated using standard methods. 

The “A744 amplifier, in its current stage of development, was 
found to be more susceptible to the effects of accumulated dose from 


high energy electrons than the .~A/09 amplifier. 
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I. INTRODUCTION 


The purpose of this study is to investigate the behavior of 
integrated circuit operational amplifiers in a transient radiation 
environment. In particular, this investigation makes a comparison 
between two similar amplifiers. One of these amplifiers was manu- 
factured according to some of the more generally accepted radiation 
hardening techniques, and the other was fabricated by the normal 
process. 

Radiation resistant circuitry is important primarily to the 
military in such applications as ballistic missiles, navigation 
satellites, and communication satellites, but should also be of 
interest to commercial users. 

An electronic circuit may be subjected to basically two types 
of radiation environment, the high intensity short duration pulse 
from a nuclear burst and the low intensity long term radiation from 
space sources or nuclear burst residue. This study deals (directly) 
only with the effect due to the short duration pulse. 

By the use of a lower intensity pulse, which is repeated many 
times, results similar to exposure for long durations to a constant 


low level source can be obtained. 


II. ELECTRON BEAM INTERACTIONS IN SILICON 


The high energy electrons (80-90 Mev for this study) from a linear 


accelerator interact with matter by ionization and radiation. 


A. IONIZATION 

Incident high energy electrons interact with the atomic electrons 
to cause ionization. A graph showing the energy loss per centimeter of 
the incident electron due to this effect, as a function of enerawme is 
shown in Figure 1. From this graph it can be seen that the ionization 
loss is reasonably independent of beam energy. The energy that is lost, 
due to ionization, is deposited in the target material in the form of low 
energy electrons. These electrons form the photocurrents in an inte- 
grated circuit exposed to the electron beam. (The incident electron 
passes through the target with very little loss of energy). 

The common unit for energy deposited in a material (absorbed dose) 
is the rad, which is defined as 100 ergs per gram. The dose rate can be 


calculated from 


a ae | @ (1.600 1085) 
i 


where @ is the flux, which is explained more fully in Appendix 1, dE 
dx 
is the energy loss due to ionization, and Pp is the density 


(cal cnay 


10 


S 
m 
= 


(6) 


O ~Om© 320 Ge £°O 80 *80 MEV 


Figure 1. Energy Loss per Centimeter vs. 
Energy Due to LIonization 


B. RADIATION 


Incident high energy electrons also produce radiation (brems- 

strahlung) by interaction with target nuclei. For silicon, at about 
80 Mev, the energy loss due to this radiation is comparable to the 
ionization loss. The photons have a spectrum of energies as shown in 
Figure 2. Nearly all of these photons have mean free paths much greater 
than the thickness of an integrated circuit chip. As an example, a 
photon produced with an energy of 1 Mev has a mean free path of several 
centimeters. This mean free path increases with energy. This means 
that only those photons with a very small energy would remain in an 
integrated circuit and be able to cause circuit disturbances. Thus 

1 dE the energy loss due to bremsstrahlung is neglected when 


P ax r 
calculating the absorbed dose of the circuits. 


yl 
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Figure 2 Energy per Energy Interval vs. Energy for Protons 
Produced by Bremsstrahlung 
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III. FAIRCHILD,» A709 AND A744 OPERATIONAL AMPLIFIERS 


The A709 operational amplifier is a standard high gain integrated 
circuit amplifier which is in common use today. The usual methods of 
integrated circuit fabrication are used in its manufacture. It features 
low offset voltages, high input impedance, high output swing under load 
and low power consumption. It is used in various applications, such as 
DC servo systems, high impedance analog computers, and low-level instru- 


mentation applications. The schematic diagram is shown in Figure 3. 
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Figure 3. Schematic Diagram of ,A/09 Amplifier. 
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The wA/09 can be divided untogtnnce quae They are the input, 
second and output stages. 

The input stage is operated at low collector currents and utilizes 
the difference in the emitter-base voltage of two identical transistors 
operating at different collector currents to form the current source. 
With this configuration only low values of resistance (a few thousand 
ohms) are required. Referring to the schematic (Figure 3), transistors 


Qy and Q, form the differential input stage while transistors Qi and % 


form the current source. 


The second stage uses a modified Darlington connection which is 
used to prevent loading of the input stage. The same type of current 
source that is used in the first stage is utilized again in this stage. 
The actual amplifier is transistor Qe» with Q. providing balanced biasing. 
Other features of this stage are an emitter-follower, Q7> which is used 
to keep the input stage collector currents out of Qe» and another 


emitter-follower, Qe» which is used to prevent second stage loading by 


the output stage. 

In transition from the second stage with differential input to the 
single-ended output stage, level shifting is necessary. This is ac- 
complished with a lateral PNP, Q» which feeds a complementary class- 


B output pair, VW, and Q33° Internal feedback through R 5 provides a 


1 
low output resistance and greatly reduces cross-over distortion. 

Two frequency compensation points are provided to enable the use 
of external R-C networks. This compensation is necessary to prevent 


the amplifier from going into oscillation, and to provide the desired 


frequency roll-off characteristics. 
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The 4 A744 is essentially the same amplifier as the »A/09 except 
for an attempt at radiation hardening. The Bandemuiacs is ac- 
complished by dielectric isolation, the use of thin film resistors, and 
compensating diodes in some critical paths in the circuit. The circuit 


diagram is shown in Figure 4. 
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Figure 4. Schematic Diagram of ~« A744 Amplifier 
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Dielectric isolation is a manufacturing technique which enables 
each transistor (or some small portion of ai circuit) to be formed 
in a pocket which is completely surrounded by silicon-dioxide. 

One commonly used process is as Pe eis 2 (As illustrated in 
Figures 5-11). 

(1) An epitaxial layer of N+ is grown on a N- wafer. 


(2) A layer of oxide is grown over the N+. 





Figure 5 


(3) Using photo masking and etching, trenches are cut into 


the oxide layer. 





Figure 6 


(4) The silicon is then etched to form channels or moats. 





Figure 7 


(5) Oxide is regrown on the wafer to coat the interior surfaces 


of the channels. 


Figure 8 
(6) Polycrystalline silicon is grown over this oxide to form 


a rigid support for the circuit. 
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Figure 9 


(7) The N- side of the wafer is lapped down to the oxide 


channels and inverted. 





Figure 10 


(8) A layer of SiO, is grown over the surface; then the circuit 


2 
is diffused into the chip by standard methods. 





Figure 11 


(9) Metalization is applied to complete the process. If care 
is not exercised during the metalization, small 'micro-cracks" may 
develop due to steps in the oxide layer. These steps occur in integrated 
circuit fabrication because of the photomasking and diffusion sequence 
required to form the components. If these small cracks do develop, they 
will not withstand much heating before they open and the circuit fails. 

In a radiation environment this technique should provide much better 
isolation than the normal reverse biased junction technique. With ioni- 
zing radiation present, a normal PN junction is essentially shorted, thus 
providing no effective isolation. Figure 12 shows a photomicrographic 
comparison of a »A709 and a 4 A744 die. 

The added compensation diode, Do» in the 4 A/44 circuit (Figure 
4) will act as a bypass for some of the photocurrent to reduce distur- 


bance of the biasing of the associated transistor. This should enable 
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/4 A709 


the circuit to operate properly at a slightly higher exposure rate than 
the « A/09. 

During a high level ionizing radiation pulse, and for some time after 
it, the component junctions are short-circuited due to the large photo- 
currents. Thin film resistors, which are capable of supporting the full 
supply load for times which are long compared to the pulse duration, are 
used to protect the metalization and components. These resistors can 
be seen on the photomicrograph of the ~A/44 die as large rectangular 


strips. 
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IV, TEST PROCEDURES AND EQUIPMENT 


The direct electron beam of the linear accelerator at the Naval 
Postgraduate School, Monterey, California, was the source of ionizing 
radiation for this study. This is a 100 Mev machine, capable of pro- 

wee 10 
viding dose rates up to about 10° rads/sec (Si). 

The experiments performed can be separated into two major classi- 
fications; the transient behavior of the circuit during and after a l 
microsecond pulse of electrons, and the permanent changes in device 


characteristics as a function of accumulated absorbed dose. 


A. TRANS TENT 

The test circuit for the transient conditions is shown in Figure 
13. This circuitry was located in an aluminum box (Figure 14) with 
sockets on the top to accept either a ~4A/09 or a 4 A744 mounted on 
a circuit board, and cable connections for the supply voltages and out- 
put signal. The output was monitored remotely on a Tektronix 556 oscil- 


loscope equipped with a Polaroid camera. 


B. PERMANENT 

For the static tests the operational amplifier was operated with 
normal bias, but was placed in a positioning device which made it possible 
to change circuits without going into the target room of the accelerator. 
The positioning device is designed to hold eleven circuits which can be 
rotated into the beam line remotely. Through a pair of commutating re- 
lays the socket which is connected to the external cables can be selected 

The test circuits used were electrically tested, before and after 
irradiation, at Fairchild Semiconductors’ Research and Development Labora- 
tory in Palo Alto. 
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Figure 13. Schematic Diagram of Test Circuitry 








Figure 14. Diagram of Test Box 


21 


Cc. POSITIONING 

The integrated circuit die is much smaller than the diameter of the 
electron beam. There is a spatial distribution of the beam (see Appendix 
1), so that it is important to position the circuit in the beam center. 

Remote Teer toon: in both the vertical and horizontal direction 
is possible. A crossed pair of wires placed in the beam line and 
monitored with an oscilloscope, and visual alignment using a television 
camera were used as position indicators. 

By use of these techniques, the integrated circuits can be positioned 


in the center of the beam with an accuracy of about Imm. 
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V. RESULTS 


Data for the transient tests were taken in the form of Polaroid 
pictures. Three samples of each type of circuit were exposed at dose 
rates from 10° to ler” (rads/sec) on a single pulse basis. Using this 
procedure the circuit response to a high dose rate could be observed 
without accumulating much total dose. Figure 15 shows a typical response 
of a_4A709. The typical response of a 4 A744 is shown in Figure 16. 
The differences in the responses probably occur because the ,4A/09 has 
a common substrate while the 4 A744 does not. This means that the two 
devices would have different current paths so should exhibit different 
transient characteristics. The sharp changes in the response of the 
4 A744 are attributed to the recovery of successive stages. 

Note that the circuits take from 8 - 14 microseconds to recover from 
the one microsecond electron pulse. This recovery time is important if 
a turn-off type of protection device is used. Some ~A/09 and ~ A744 
circuits were exposed with the bias power supply turned off, and also 
with the (+ 15 v.) supply terminals grounded. It was found that a low 
level (1.6 - 4.0 v.) transient was produced in the unbiased devices and 
essentially no transient produced in the devices with the power supply 
leads grounded. 

The circuits for the permanent damage studies were divided into six 
groups as shown in Table 1. Groups III and VI were used to see if there 
was any error involved in the successive exposures of groups I, II, IV, 
V. This error could occur because of normal annealing of the circuits 
between runs and/or because of accumulated dosimetry error. This did 
not prove to be a problem, as can be seen by comparing Figures 25, 26, 
2/7, and 28 with Figures 17, 18, 19, and 20 respectively. 
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The circuit data were recorded by Fairchild Semiconductor Research 
and Development Laboratory personnel. A sample data sheet is shown in 
Figure 31. It was decided that of the parameters measured, gain and 
average input base current would best indicate the circuit condition. 
The gain is a direct indication of overall circuit performance, parti- 
cularly the second and output stages. The average base current shows 
the condition of the input stage. 

Figures 17 through 28 show the plots of these parameters versus ac- 
cumulated dose for each circuit tested. The solid line across each 
graph indicates the minimum acceptable limit according to the manufactur- 
ers’ specifications. 

A comparison between Figure 17 and Figure 19 shows that the radia- 
tion hardened version (,« A744) experienced marked degradation sooner 
(at a lower accumulated dose) than the non-radiation hardened version 
(4 A709). 

The fact that the »#A/44 has larger area input transistors than 
the 4 A709, would seem to offer a good explanation for this result. 

It can be seen from the average base current plots that the input stage 
of the ~A744 is affected by accumulated dose more than the input stage 
of the 4 A709. This is not a conclusive proof, however, since the gain 
of the 4,A744s also degrades sooner than that of the ,#A/09s. This 
indicates that the interior stages of the “A744 are more vulnerable 
than those of the .4A709. This might be due to changes in the fabrica- 
tion techniques of the A744 necessitated by the use of thin film 
resistors and dielectric isolation. 

Groups II and V were exposed at a rate one hundred times less than 
Groups I and IV. It can be seen from Figures 17-24 that there is little 


dependence, in the degradation of the circuits, on dose rate. 
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Fairchild Semiconductor fabricated some special circuits Such thae 
individual components could be studied These circuits (kit-parts) are 
the same as the normal amplifiers except that the final wiring mask is 
not used and representative individual components are brought out to the 
circuit leads, 

Two samples of each type of kit parts were exposed to the beam at 
a rate of low rad/sec to a dose of 10/ rads. They were then tested at 
Fairchild to see if one type of component was showing more degradation 
than the others. These tests showed that there waS nO appreciable differ- 
ence in the degradation of the corresponding types of components. in the 


Evo Circuits. 





2 sec/em 2 sec/cm 


Figure 15. Transient Response of .A/09 Amplifier. 





2 sec/em 2 sec/cm 


Figure 16. Transient Response of py AlMS4 Amplifier. 


TABLE I 


Group # Type Exposure Rate Exposure History Figure # 
1 Fd Uh 10° rads/sec 0,10°,10°,10°,10' 10°  17mIe 

rat a ATL OM AIa/iaSe 0,10*,10°,10°, 107 lime 
et yw AT44 one rads/sec 0,10° 25,26 
IV un A709 10°° rads/sec 0,10, 10°, 10°10. 10; sneae 

V 4 A709 On eada/ eee 0,10',10°, 10°, 10” 23,24 

VI 4 A109 0” axlo/gse 00° 27,28 
Controls A AT4S4&, A709 None 29,30 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


On the basis of the data presented, it can be concluded that the 
AAl44, in its present stage of development, is not more resistant to 
the effects of accumulated dose from high energy electrons than the 
7 A109. 

It is recommended that a further investigation into the accumulated 
dose results, using kit parts, as well as continued study into the trans- 


ient response of both types of circuits be the subject of a future study. 
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APPENDIX I 
DOSIMETRY 


Accurate dosimetry is essential for meaningful radiation damage 
studies. This is a difficult problem with a linear accelerator, since 
the electron beam has a spatial profile which must be measured. 

To determine the beam distribution a number of cinemoid films were 
exposed. The optical density of this film changes as a function of dose. 
After exposure to the electron beam, the film was examined with a densi- 
tometer, and the exposure profile determined and plotted. An example is 
shown in Figure 32. The half-width of this curve at 0.606 of the peak 
is 2.1 mm. The curve can, therefore, be approximated by a Gaussian func- 


tion with a standard deviation of 2.1 mm. 


J 6=2,1|MM 


lO8B 6420246810 MM 
Figure 32. Beam Profile 
The radial distribution of flux is therefore, @(r) = 8. Sree po 
acm} where 0. is the flux at r = 0. If N is the number of electrons, 


then 


& on 


N = | r@(r) drdé = 2 ¥ 0. [ reso oe = Deng 0. 
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The value of N was obtained from a Faraday cup which was assumed 
to be one hundred percent efficient. A measured five percent correc- 
tion is necessary to allow for the scattering of electrons away from the 
Faraday cup by the circuits. Applying this correction, $,= 3.78N. 


Assuming that each circuit receives flux Os the dose is given 


by, 
7 1 dE =8 
a= (FB a B, (1.6x10 ~) rad, 
where 
(3- =) is 1.94 (@iegetn’ fem) for silicon at 
91 Mev. 
Finally, 


D = 1,17 x 107! N rad (Si). 


The linear accelerator is pulsed sixty times a second with a pulse 
duration of one microsecond. The dose rate during the pulse or the 
average dose rate may be obtained if the elapsed time, or the number of 
pulses delivered, is known. 

To confirm the dosimetry calculations a PIN diode (obtained from 
Solid State Radiations, Inc., Los Angeles), operated at 1000 volts reverse 
bias, was placed in the beam. The output current from this device can be 
converted to dose rate in rads per sec (Si). These results were in agree- 
ment, within a factor of two, with the calculation using the Faraday cup 


and cinemoid films. 
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